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Pre and Post-Processor 8.014
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OPERA-2d
Pre and Post-Processor 8.014

8.38835E-04 1.151021 2.301203
Component: BMOD
8.38835E-04 1.151021 2.301203
Component: BMOD

14 m m C oilToy M odelQ uadrupole D esign
Design codes, Wire2dopt,
Coilgen and Coilfield, which
use actual wire centers for
f ie ld ca lcu la t ions, were
used; however, to keep to a
manageable number of files
the layers are grouped four
at a time and represented
by a single layer at the aver-
age layer radius. Within a
layer conductor center-to-
center spacing is var ied
smoothly to change the
effective current density and
thus better approximate a
cos(2θ) distribution.

G = 144 T/m, N·Io = 50.8 kA

Field lines and |B| in coil are shown for 1/8 model.
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OPERA-2d
Pre and Post-Processor 8.014

0.0158336 1.322463 2.629092
Component: BMOD
0.0158336 1.322463 2.629092
Component: BMOD

16 m m C oilToy M odelQ uadrupole D esign

This coil needs many
more turns to achieve
about the same oper-
ating current as the
14 mm model and has
14% higher peak field.

G = 144 T/m, N·Io = 65.4 kA

Field lines and |B| in coil are shown for 1/8 model.



F ield U niform ity Inside Q uadrupole C oil
Inside the coil:
Bx = G·Y
By = G·X

OPERA-2d
Pre and Post-Processor 8.014
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For an Ideal Quad
|B|÷R is Constant

Coil design codes, Wire2dopt,
Coilgen and Coilfield use actual
wire centers for field calcula-
tions. By design the gradient is
uniform to better than 1×10-4

inside a circle of radius 5 mm
using only a fixed conductor
spacing. With care gradient can
be made uniform to close to this
level at 7.5 mm radius, but with
some loss of transfer function.

G = 144 T/m For s imple co i l
shown, gradient is
uniform to better
than 0.1% inside
7 mm radius.



F ield Q uality:Its H ard N ot T o B e G ood
Even for a simple coil design with uniform turn spacing in the straight section
and in the ends the field quality comes out much better than requested.

n bn an

Harmonics for 2216 mm Long
8 Double Layer Coil at R=5 mm

ITF = 1.3125 T/A
TFcen = 0.5965 T/(m·A)
Lmag = 2.200 m
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Winding Pat tern



Field U niform ity A long Q uadrupole Length
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Go = 144 T/m

R = 14.5 mm
φ = 45°

Small overshoot &
undershoot near end
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Fx Density = -JzBy
(N/mm³) Local Fx ≈ 0

J×BdsForce / unit length =

Note: 1/8 model has net downward vertical
force which is cancelled by bottom half coil.

Layer Net Fx

# (N/mm)

1-2 8.2
3-4 8.3
5-6 7.0
7-8 5.4
9-10 3.3

11-12 0.7
13-14 -2.4
15-16 -6.1

Total = 24.4

R

R

t
P = F/A = F/(2RL)

L

HoopStress = P·(R/t)
= (F/L) · 1/(2t)
= 48.8/4 = 12 N/mm²
= 12 MPa
= 12 · 0.145 = 1.7 kpsi

Support Tube:
let t = 2 mm

C oilS elf Force for Q D 0 at G = 144 T /m



E xternalB -F ield From Q uadrupole C oil
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± 1´ 10-3

Outside the coil:
Bx µ sin(3q)/R3

By µ cos(3q)/R3

So |B|·R3 is Constant

Special boundary condition used to
ensure correct behavior at large R.

Outside coil the field
is quite predicable
and quickly becomes
small in magnitude.

Regions of uniform scaling shown for 1/8 model.



X coord
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E xternalB -F ield From Q uadrupole C oil

So |B|·R3 is Constant

|B|R
(mm)

40

80

120

160

(T)
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On axis we find small uniform ripple in residual due to finite element mesh.

1°



C hoosing the C onductor: S om e O ptions
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E stim atin g th e T igh test B en d R ad ius
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Imagine laying a winding layer out flat...

Then it becomes obvious that the bend radius
is a function both of coil layer radius and the
angle between the last winding and the pole.

For a quadrupole coil n=2.
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For thin shell currents distributed as
cos(nq) and N·I Amp·turns, the condition
for external shielding is:

(N·I)2 = - (N·I)1 · (R1/R2)n

Where n=1 dipole, n=2 quadrupole etc.
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Field ^ X-axis (Y=0) From Toy Model

Crossing Coil #1
Crossing Coil #2

Note: a shield coil reduces magnet
strength by a factor, f, where

f = 1 - (R1/R2)2n

Thus it is very painful to shield a
dipole and merely dif f icult to
shield a quadrupole.

But shielding a thick coil requires
even more current than indicated
by the simple formula!

E xternal S hielding: F acts of L ife P art1
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With shielding, the outward
force is largest on outer shell.

• Shielding a thick coil very quickly uses up radial space.

• Must provide for good relative alignment and support.

• Must check complicated interaction with the detector
solenoidal field (forces on inner and outer coil).

• Beams are closest at IP end of magnet, but this is the
trickiest region for shielding optimization.

• Is shield connected in series or independently powered?

End region
is tricky

E xternal S hielding: F acts of L ife P art2



B utsom etim es itis hard to stay on a strictdiet...
If coil starts at 15 mm
inner radius...

For large forces, Andy M. wants at
least a 3 mm thick support tube.

For helium flow Lin
says, “less than 1
mm thickness does
not make sense.”

0.5 mm for LHe
containment wall

Space for insulating
vacuum and super-
insulation is needed.

Double wall beam
tube; must leave
space for cooling.



P aram eters for Q D 0 D ouble C oilS olution
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0.00790444 1.403907 2.799909
Component: BMOD

G1 = 75 T/m, N1 = 80, I1 = 271 A, (N·I)1 = 21.7 kA·turns/pole

G2 = 69 T/m, N2 = 112, I2 = 486 A, (N·I)2 = 54.4 kA·turns/pole

Gtot = 144 T/m
Bmax = 2.8 T

Inner Coils: RHIC Strand
Single 0.648 mm Wire
Cu:SC is 2.25:1

Outer Coils: Helical Cable
7-Strand, 1 mm Cable
Cu:SC is 2.5:1

With two power supplies &
inner/outer segmentation
quench protection is easier.

It is possible to shift operat-
ing margin between inner &
outer coils by adjusting their
operating currents. Can have cooling outside coil &

still avoid a long conduction path.



T he Q D 0 D ouble C oil D esign C oncept
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Coil Support Tubes

Beam pipe inner
radius is 10 mm S

uperinsulation +

Beam
 P

ipe C
ooling

Bumpers could be used to
couple structural elements





C oilForces D ue to Solenoid’s R adialE nd Fields*

−Ι−Ι

+Ι

+Ι

*Here radial field and quadrupole coil are assumed to have same center.

Note: dipole currents flow oppositely on
each side yielding net local horizontal or
vertical force. With quadrupole symmetry
the net local force is zero.

Radial fields at solenoid ends cause a
quadrupole coil to try to go out of round.*

Coil Force Diagram


